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Purpose: The accuracy of duplex sonography in predicting the degree of an internal 
carotid artery (ICA) stenosis is decreased when a contralateral high-grade stenosis or 
occlusion is present. The purpose of this study was to determine whether this overesti- 
mation of the stenosis by duplex sonography is associated with an increase in volume 
flow through the ipsilateral ICA. 
Methods: Forty-seven patients (89 vessels) with a symptomatic ICA stenosis or occlusion 
who underwent duplex sonography, intraarterial digital subtraction angiography, and 
magnetic resonance angiography flow quantification of the ICAs were evaluated. 
Results: With the use of peak systolic velocity criteria, duplex overestimated stenoses 
more frequently (%2 : p = 0.03) in vessels with high volume flow (= mean volume flow in 
control group + 2 SD (>274 ml/min), 46% overestimation) than in vessels with normal 
or low volume flow (<274 ml/min, 20% overestimation). A correlation coefficient of 
0.75 (p < 0.001) was found between volume flow and peak systolic velocity in the dis- 
tal ICA, indicating that increased volume flow causes the peak systolic velocity to 
increase. Compared with volume flow in the control group (mean -+ SD = 198 --- 38 
ml/min), volume flow was increased in vessels with a 0% to 49% stenosis (mean _+ SD = 
272 _+ 100 ml/min, p < 0.05) and in vessels with a 50% to 69% stenosis (mean _+ SD = 
291 _+ 79 ml/min, p < 0.01) when the contralateral ICA had a 70% to 99% stenosis or 
occlusion. 
Conclusions: Increase in volume flow through the ICA frequently causes overestimation 
of stenoses in the ICA. Increased volume flow is frequently found in ICAs with a <70% 
stenosis that are contralateral to ICAs with a >70% stenosis or an occlusion. (J Vasc Surg 
1998;27:479-85.) 
Classification of  the degree of stenosis in the 
proximal part of the internal carotid artery (ICA) by 
means of duplex sonography is largely based on peak 
systolic velocities (PSV) and end-diastolic velocities. 
In both patients with symptomsl, 2 and without 
symptoms 3 who have carotid disease, grading of  
ICA stenoses by means of the PSV correlates well 
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with grading by means of angiography. However, a 
number of studies have reported that the accuracy of 
duplex sonography in predicting the degree of an 
ipsilateral ICA stenosis is decreased when a con- 
tralateral high-grade stenosis 4-7 or occlusionS, 9 is 
present. As a result of  the severe lesion in the con- 
tralateral ICA, the degree of stenosis in the ipsilater- 
al ICA was overestimated more frequently, although 
the exact degree of overestimation depended on the 
duplex criteria that were applied.4, 9 Only one study 
did not show an increase in the number of  overesti- 
mated ICA stenoses when a severe contralateral ICA 
lesion was present. 10 
In patients with a severe stenosis or occlusion of  
the ICA, the cerebral perfusion pressure is lowered. 
When the cerebral perfusion pressure drops, cerebral 
autoregulation causes a decrease in vascular esis- 
tance by dilating the cerebral arterioles to maintain 
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cerebral blood flow.ll It has been postulated that a 
unilateral severe stenosis or occlusion of  the ICA 
causes a decrease in volume flow on the side of the 
stenosis or occlusion and a compensatory increase in 
volume flow in the contralateral ICA.4,s,7,s,12,13 It is 
to be expected that this increase in volume flow has 
a direct effect on the blood flow velocity through 
the ICA, thereby increasing the PSV, resulting in an 
overestimation of a stenosis.4,~,7, s The purpose of  
this study was to investigate whether increased vol- 
ume flow through the ICAs as measured by mag- 
netic resonance angiography (MRA) is indeed asso- 
ciated with an increase in PSV and subsequent over- 
estimation of the stenosis by duplex sonography. 
PATIENTS AND METHODS 
Patients. We reviewed the results of all patients 
(n = 64) who underwent duplex sonography, intraar- 
terial digital subtraction angiography (iaDSA), and 
MRA flow quantification of the ICAs between July 
1995 and March 1997. These patients were treated 
in our hospital because of a symptomatic stenosis or 
occlusion of  the ICA. All patients had had a transient 
or minor disabling ischemic neurologic deficit in the 
previous 6 months. Patients were included only if the 
MRA and duplex examinations were performed in 
our hospital within 3 months of the iaDSA investiga- 
tion. Five patients who underwent all three investi- 
gations were excluded because the interval between 
the MRA and iaDSA was more than 3 months. 
Patients with bilateral ICA occlusions (n = 12) were 
excluded also. Thus 47 patients (35 men, 12 women; 
mean age, 63 years; range, 36 to 81 years) were 
included in this study. In five patients duplex sonog- 
raphy was performed on one side only. Therefore 89 
vessels were evaluated. The mean interval between 
iaDSA and the duplex sonography was 31 days (SD 
= 28 days), and the mean interval between iaDSA 
and MRA was 29 days (SD = 25 days). 
The MRA flow quantification results were com- 
pared with those of 18 subjects in a control group (12 
men, 6 women; mean age, 60 years; range, 40 to 73 
years; 36 vessels) who were treated in the Department 
of Neurology for conditions other than intracranial 
diseases and who had no history of ischemic neuro- 
logic deficits. The subjects in the control group all 
had normal magnetic resonance imaging of the brain 
and a normal MRA of the cerebripetal rteries. No 
significant differences were seen in age and sex 
between the patients and the control group. 
Study design. At first, we investigated whether 
increased volume flow through the ICAs as mea- 
sured by MRA was associated with overestimation f  
the stenosis by duplex sonography. For this purpose 
all individual vessels (symptomatic and asympto- 
matic) were divided into vessels with high volume 
flow and vessels with low or normal volume flow. 
High volume flow was defined as higher volume 
flow than the mean volume flow in the control 
group + 2 SD. Low volume flow was defined as 
lower volume flow than the mean volume flow in the 
control group - 2 SD. Afterwards, the correlation 
between MRA volume flow and the PSV in the dis- 
tal ICA was calculated. 
Second, we investigated in which subgroup of  
patients increased volume flow through the ICA was 
present. For that purpose all vessels (on the sympto- 
matic and asymptomatic side) were grouped by their 
lesion on iaDSA. The ipsilateral ICAs were divided 
into vessels with a 0% to 49% stenosis, a 50% to 69% 
stenosis, and a 70% to 99% stenosis or an occlusion. 
The contralateral ICAs were divided into vessels 
with a 0% to 69% stenosis or a 70% to 99% stenosis 
or occlusion. This classification was made to investi- 
gate whether a severe lesion in the contralateral ICA 
affects flow through the ipsilateral ICA. The grading 
of the ICA stenosis by means of duplex sonography 
was compared with the corresponding iaDSA read- 
ing ("gold standard"). For the second part of  the 
study only the clinically relevant overestimations 
(stenosis >70%) were counted. MRA volume flow 
results were compared with control data. Sensitivity 
and specificity of  duplex sonography versus iaDSA 
were calculated to compare our duplex sonography 
results with other studies. Study protocols were 
approved by the Human Research Committee of  
our hospital. 
Angiography. IaDSA was performed by femoral 
artery catheterization with selective injections in 
both common carotid arteries of all patients. Biplane 
views of the carotid bifurcation lumen were obtained 
in all patients. If  necessary, additional injections and 
projections were made to visualize the narrowest 
lumen. The degree of stenosis was measured accord- 
ing to the North American Symptomatic Carotid 
Endarterectomy Trial criteria. 14 The grade of steno- 
sis was represented by the formula (1-diameter of the 
narrowest lesion/diameter of the distal ICA) × 100. 
Angiographic interpretation was performed by a 
neuroradiologist (57 vessels) or two neurologists (32 
vessels) in a blinded fashion without reference to the 
findings of the noninvasive studies. 
Duplex sonography. All carotid duplex sonog- 
raphy examinations were performed by experienced 
vascular technicians with a handheld high-resolution 
linear array 7-4 MHz or 10-5 MHz transducer with 
JOURNAL OF VASCULAR SURGERY 
Volume 27, Number 3 van Everdingen, van der Grond, and Kappelle 481 
an operating frequency of  7.5 MHz and a pulsed 
wave Doppler frequency of  6.0 MHz  (Advanced 
Technology Laboratories Inc. Ultramark 9, Bothell, 
Wash.). The color Doppler display was used in com- 
bination with a B-mode image to position the sam- 
ple volume marker in the middle of  the vessel. A 
sample volume of 1.5 mm was used, and the angle 
of  insonation was maintained at 60 degrees. The 
PSVs were recorded extracranially both at the site of 
the most severe stenosis and distal of the stenosis. 
To investigate the effect of  increased volume 
flow on grading of  both low-and high-grade 
stenoses by duplex sonography, vessels were assigned 
to one of five categories by PSV criteria (Table I). 
These criteria were validated for our laboratory in an 
earlier stage, is Duplex sonography was considered 
to overestimate a stenosis when the percentage of  
the stenosis measured by duplex sonography was 
one or more categories higher than the percentage 
of  the stenosis measured by iaDSA (i.e., duplex 
showed a 50% to 70% stenosis, whereas iaDSA 
showed only a 30% stenosis). 
Our duplex criteria do not subcategorize 
stenoses of 70% to 99% into subgroups with an 80% 
or 90% stenosis. Therefore it is not possible to over- 
estimate a 70% to 99% stenosis other than misread- 
ing it for an occlusion. 
MRA flow quantification. All patients and sub- 
jects in the control group underwent the same mag- 
netic resonance imaging and MRA protocol. These 
studies were performed on a Philips Gyroscan ACS- 
NT 15 whole-body system operating at 1.5 Tesla 
(Philips Medical Systems). The magnetic resonance 
imaging examination, which was performed to rule 
out pathologic onditions of the brain in the control 
group, consisted of  15 transversal/oblique T2-w 
images (T2-weighted turbo spin echo, TR: 2462 
msec, TE: 24 and 100 msec, slice thickness: 6 mm 
with a slice gap of 1.5 mm). After scout images were 
made in the coronal and sagittal planes, phase-con- 
trast flow measurements were performed through 
the ICAs at the level of the skull base (TR: 16 msec, 
TE: 9 msec, flip angle: 7.5 degrees, slice thickness: 5
mm, field of view: 250 × 250 mm, velocity sensitivi- 
ty: 1000 mm/sec, 8 averages). These measurements 
were performed with a previously optimized scan 
protocol featuring a radiofrequency spoiled gradient 
echo sequence with fiall echo sampling, 16 which was 
validated in vivo. 17 Volume flow data were obtained 
by integrating across manually drawn regions of  
interest hat enclosed the vessel umen as closely as 
possible. MRA volume flow data are represented as 
mean volume flow _+ 1 SD. 
Table I. Duplex sonography velocity criteria for 
classification of carotid artery disease 
Arteriographic lesion Duplex sonography criteria 
0%-30% Diameter reduction 
30%-49% Diameter reduction 
50%-69% Diameter reduction 
70%-99% Diameter reduction 
Occlusion 
PSV <100 cm/sec 
PSV >100 and _<150 cm/sec 
PSV >150 and <210 cm/sec 
PSV >210 cm/sec, or 
PSV <50 cm/sec in the 
presence of severe plaque 
formation 
No flow 
Laboratory values for detecting stenosesl5: for detecting a >70% 
stenosis: sensitivity 97%, specificity 86%; for detecting a 30% to 
69% stenosis: sensitivity 94%, specificity 86%. 
Statistical analysis. For statistical analysis 
analysis of variance (ANOVA) was used to compare 
the volume flow data by groups. Analysis of  differ- 
ences in volume flow in the ICAs was performed by 
the nonparametric Mann-Whitney U-  Wilcoxon 
rank sum W test. The tests for linear correlation was 
performed with the bivariate Pearson correlation 
test. In 2 × 2 tables the Z 2 test  with Yates' correction 
was used. Statistical significance was corrected for 
repeated measures. The p values were considered 
significant if p < 0.05. Sensitivity was calculated as 
true-positive/(true-positive + false-negative), and 
specificity was calculated as true-negative/(true- 
negative + false-positive). 
RESULTS 
In 23 of  the 89 investigated vessels duplex 
sonography overestimated the degree of  stenosis in 
one or more categories. Fourteen (16%) vessels were 
misinterpreted with duplex sonography as having a 
>70% stenosis, whereas iaDSA showed a <70% 
stenosis. Four of these 14 vessels did not tmdergo 
operation because the iaDSA did not show a >70% 
stenosis, and 10 vessels still underwent operation 
although the stenosis was <70%. 
In the control group volume flow through the 
ICAs was 198 -+ 38 ml/min. In our study signifi- 
candy more vessels with a severe stenosis (70% to 
99%) had low flow (= normal - 2 SD) than vessels 
with a moderate (0% to 69%) stenosis: 3 (7%) of 42 
vessels with <70% stenosis had low flow, whereas 11 
(44%) of  25 vessels with a 70% to 99% stenosis had 
low flow (X 2 : p = 0.01). 
In patients the mean volume flow was lower on 
the symptomatic side (mean 100 ml/min) than on 
the contralateral side (249 ml/min, p < 0.01). This 
difference was caused mainly by the large number of 
patients with an ICA occlusion on the symptomatic 
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Table II. Overestimation of stenoses by duplex sonography for all overestimations and for overestimations 
in the 70% to 99% category in vessels with high and vessels with low or normal volume flow 
Overestimations ( ) Category on duplex sonography (n) 
Volume flow in ICA n All 70%-99% 30%-49% 50%-69% 70%-99% 100% 
High (>274 ml/min) 24 11 (46%)* 6 (25%) 3 2 6 0 
Normal or low (<274 ml/min) 65 13 (20%) 9 (14%) 2 1 9 1 
*High volume flow versus low or normal volume flow: 
Z 2 p = 0.03. 
side (n = 20) compared with the number of patients 
with an ICA occlusion on the contralateral side (n = 
2). The mean PSV (at the site of the stenosis) on the 
symptomatic side was 181 cm/sec,  whereas the 
mean PSV on the contralateral side was 178 cm/sec. 
Effect o f  increased volume f low on duplex 
sonography results. When all vessels were grouped 
into vessels with high volume flow and vessels with 
normal or low volume flow (Fig. 1, Table II), signifi- 
cantly more stenoses (~2 : p = 0.03) were overestimat- 
ed in vessels with high volume flow (>274 ml/min, 
46% overestimation) than in vessels with normal or 
low volume flow (<274 ml/min, 20% overestimation). 
The PSV measurements that were performed in 
the distal ICA correlated well with the correspond- 
ing MRA volume flow results (correlation coeffi- 
cient 0.75, p < 0.001). This correlation indicates 
that in the distal ICA, changes in PSV are mainly 
caused by changes in volume flow. 
Effect o f  a lesion in the contralateral ICA. In 
Table III the ICAs are ordered by the angiographic 
degree of stenosis on the ipsilateral and contralater- 
al side. In ipsilateral vessels with a 0% to 49% (n = 9) 
or 50% to 69% stenosis (n = 5) on iaDSA contralat- 
eral to a vessel with a <70% stenosis, the mean vol- 
ume flow was unaltered compared with that of the 
control group (259 ± 85 ml /min  and 169 ± 49 
ml/min, respectively). None of  the five overestimat- 
ed (wrongly considered to have a >70% stenosis) 
vessels in this group had high volume flow. 
In ipsilateral vessels with a 0% to 49% (n = 19) or 
a 50% to 69% stenosis (n = 8) contralateral to a ves- 
sel with a >70% stenosis or an occlusion, the mean 
volume flow was increased compared with that in 
the control group (272 ± 100 ml/min,  p < 0.05 and 
291 ± 79 ml/min, p < 0.01, respectively). In these 
two groups six of  the nine overestimated vessels had 
high volume flow (67%). 
In ipsilateral vessels with a 70% to 99% stenosis 
on iaDSA, the mean volume flow was decreased 
compared with that in the control group when the 
contralateral ICA had a <70% stenosis (144 ± 112 
ml/min, p < 0.05, n = 16), whereas mean volume 
flow was unaltered when the contralatcral ICA also 
had a 70% to 99% stenosis or an occlusion (mean ± 
SD = 237 ± 144 ml/min, n = 10). 
In ipsilateral vessels that were occluded on iaDSA 
(n = 22), MRA detected no volume flow. Four of 
these occluded vessels were misinterpreted aspatent 
by duplex sonography. In these four patients the 
duplex sonography was performed 0, 4, 28, and 40 
days, respectively, before the iaDSA. It is possible 
that the stenoses meanwhile progressed to an occlu- 
sion in the two vessels that were investigated with 
duplex sonography several weeks before the iaDSA 
investigation. In the other two patients it is likely 
that another vessel was mistaken for the ICA. 
A typical result of a patient with a unilateral ICA 
occlusion causing increased volume flow through 
the contralateral ICA and overestimation of  the 
stenosis by duplex sonography is shown in Fig. 2. 
DISCUSSION 
Our data strongly suggest hat the overestima- 
tion of an ICA stenosis by duplex sonography is fre- 
• quently caused by an increase in volume flow. The 
following findings support this assumption. First, 
the high correlation between volume flow and PSV 
in the distal part of the ICA shows that in the unaf- 
fected parts of  the ICA, variations in PSV are main- 
ly caused by variations in volume flow. Second, when 
all (clinically significant and clinically not significant) 
overestimations were counted, duplex sonography 
overestimated the degree of  stenosis significantly 
more often in vessels with high volume flow than in 
vessels with normal or low volume flow. It is likely 
that in vessels with high volume flow, the PSV will 
be disproportionately high for the degree of steno- 
sis. Because our duplex sonography criteria for 
assigning the degree of stenosis depend on the PSV, 
an increase in volume flow will result in an increase 
in false-positive errors.7, 8 
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Fig. 1. MRA volume flow through ICAs in milliliters per 
minute versus angiographic degree of stenosis in ICAs of 
patients. Horizontal lines represent mean volume flow in 
control group _+ 2 SD. Open circles = stenosis underrated 
or correctly classified by duplex scanning. Closed circles 
= stenosis overestimated by duplex scanning. Dot at 0 
ml/min volume flow and 100% stenosis by angiography 
represents 22 occluded vessels. 
Phase contrast MRA is a flow analysis technique 
that accurately measures blood flow in the cere- 
bripetal arteries13,16,18-24 and which is readily avail- 
able on most current magnetic resonance systems. It 
has been shown that a severe unilateral ICA stenosis 
of  >70% causes the volume flow to decrease in the 
ICA with stenosis.2,18,20, 4 However, volume flow in 
the ipsilateral ICA increased when the contralateral 
ICA was occluded, even when the ipsilateral ICA 
had a >70% stenosis. 13 
Our data confirm that volume flow through the 
ICA is decreased when an unilateral stenosis of >70% 
is present. However, when a bilateral ICA stenosis of  
>70% is present, volume flow does not decrease. 
Ipsilateral vessels with <70% stenosis had increased 
volume flow when the contralateral ICA had a 70% 
to 99% stenosis or occlusion. These findings are in 
contrast with the results of Vanninen et al., 20 who 
found no statistically significant effect of a severe 
contralateral ICA lesion on ipsilateral ICA flow mea- 
surements. Our results indicate that at least part of  
the cerebripetal flow compensation takes place 
through the ipsilateral ICA when a severe lesion is 
present on the contralateral side. This compensatory 
increase in volume flow through the ipsilateral ICA 
caused by a severe lesion on the contralateral side 
makes stenoses susceptible to overestimation by 
duplex sonography. 
i.I 
? 
\ 
Fig. 2. Fifty-two-year-old woman with angiographically 
proven unilateral symptomatic o clusion of left ICA. MRA 
flow quantification study at level of skull base showed 
increased flow volume of 283 lnl/min through right ICA 
(arrow) and occlusion of left ICA (A). PSV at site of 
stenosis in right ICA was 390 cm/sec (arrow), which cor- 
responds to degree of stenosis between 70% and 99% (B). 
However, iaDSA proved that this stenosis was only 60% 
(arrow in C). 
A comparison among MRA flow quantification, 
duplex sonography, and angiographic results of the 
ICAs was made in two earlier studies only.2°, 24 
However, some dissimilarities in patient population 
exist between these two studies. In the preliminary 
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Table I I I .  Effect of a severe lesion in the contralateral ICA on MRA volume flow and duplex sonography 
results (mean _+ SD) 
Stenosis n the contralateral ICA (with iaDSA) 
Stenosis in the ipsilateral 
ICA (with iaDSA) 0%-69% 70%-100% 
0%-49% 
50%-69% 
70%-99% 
Occlusion 
No. of  ICAs 
Mean volume flow (ml /min)  
No. of  overestimated stenoses 
No. of  stenoses overestimated by 
duplex, with "high" volume flow~: 
No. of  ICAs 
Mean volume flow (ml /min)  
No. of  overestimated stenoses 
No. of  stenoses overestimated by 
duplex, with "high" volume flow:~ 
No. of  ICAs 
Mean volume flow (ml /min)  
No. of  overestimated stenoses 
No. of  ICAs 
Mean volume flow (ml /min)  
9 19 
259 ± 85 272 ± 100" 
2 3 
0 2 
5 8 
169 ± 49 291 ± 79"[" 
3 6 
0 4 
16 10 
144 _+ 112" 237 + 144 
1 0 
12 10 
0 0 
Patients versus control group: *p < 0.05, tP < 0.01. 
~:"High" flow is defined as >274 ml /min  (= mean volume flow in control group + 2 SD). 
Only clinically relevant overestimations (>70% stenosis on duplex sonography) were counted. 
Mean volume flow through the ICA in control group was 198 + 38 ml /min.  
study by Levine et al.,24 11 patients with various 
degrees of  ipsilateral and contralateral ICA stenoses 
were investigated. This study showed a negative cor- 
relation between the angiographic percent stenosis 
and the MRA volume flow in the ipsilateral ICA. 
Another negative correlation was found between the 
PSV at the site of the stenosis and volume flow in the 
distal ICA. The aforementioned study by Vanninen 
et al. 2° (55 patients and 10 volunteers) showed a 
high correlation for the flow velocity measurements 
in the common carotid arteries between duplex 
sonography and MRA. The effect of  a contralateral 
ICA lesion on PSV in the ipsilateral ICA was not 
investigated in these studies. 
The sensitivity and specificity of  our duplex 
sonography results versus iaDSA are comparable to 
the results ofSpadone t al.5 and to the results of  the 
standard method of  AbuRahma et al.,4 both studies 
having similar patient populations. In this study the 
overall sensitivity and specificity were 92% and 72%, 
respectively, for the detection of  a >50% ipsilateral 
stenosis or occlusion and 94% and 67%, respectively, 
for the detection of  a >70% ipsilateral stenosis or 
occlusion. In the study by AbuRahma et al.,4 how- 
ever, different duplex sonography criteria provided 
better figures for sensitivity and specificity. 
In this study the relatively high number of over- 
estimated vessels in patients with a bilateral stenosis 
of >70% was caused by bias in the patient selection. 
In our hospital angiographic studies of  the ICAs are 
not performed unless duplex scanning shows a >70% 
stenosis in one or both ICAs or unless another per- 
tinent clinical reason is present. Thus the patients in 
this study with a bilateral stenosis of <70% on iaDSA 
(n = 7) received a misdiagnosis of  a unilateral steno- 
sis of >70% (n = 5) with duplex scanning, or they 
had recurrent clinical symptoms (n = 2). 
The results of  this study show that the increase in 
PSV in the distal ICA parallels the increase in vol- 
ume flow. The PSV in this part of the vessel there- 
fore is likely to be an indicator for increased volume 
flow, unless a stenosis is present in the distal ICA. 
PSV ratios, calculating the ratio between the PSV at 
the site of the stenosis and the PSV in the distal ICA, 
therefore appear to be helpful to correct for the 
increase in volume flow. However, the studies inves- 
tigating various duplex criteria that compensate for 
the effect of  increased volume flow on duplex 
sonography results found better sensitivity and 
specificity values when the duplex criteria were based 
on peak systolic and end-diastolic frequencies.4, 9 
Our findings might be important when carotid 
endarterectomies areplanned on the basis of  duplex 
sonography results without the use of  carotid 
angiograms. According to the North American 
Symptomatic Carotid Endarterectomy Trial study, 
patients are eligible for carotid endarterectomy if a 
symptomatic 70% or larger stenosis of  the ICA is 
found on carotid angiography, z5 It should be con- 
sidered that because of  increased volume flow, 
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duplex sonography may overestimate stenoses, caus- 
ing some patients to undergo operat ion although 
their actual ICA stenosis is less than 70%. 
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